Species undergoing range expansion frequently experience increased dispersal rates, especially 22 among invasive alien species. Such increased dispersal rates have been attributed to 'spatial 23 sorting', where traits enhancing dispersal assort towards the expanding range edge while traits 24 enhacing competitiveness are favoured within the core range. To date no single study has 25 compared patterns of spatial sorting across multiple continents for the same species. Here we 26 compared patterns of spatial sorting in Sturnus vulgaris, the European starling (hereafter 27 referred to as starlings), in its invasive ranges in South Africa and Australia. Starlings have 28 experienced similar residence times in these two countries. Using multi-scale pattern analyses 29 and generalized additive models, we determine whether dispersal and foraging traits (i.e. the 30 morphological attributes of wings and bills) were sorted along the distance from introduction 31 site. We found apparent patterns of spatial sorting in Australia, but not in South Africa. This 32 difference may be attributed to differences in dispersal rates, clinal variation, environmental 33 heterogeneity, and thus population demography on the two continents. Genetic data suggests 34 that starlings in South Africa have experienced frequent long distance dispersal events, which 35 could have diluted or overridden patterns of spatial sorting. 36 37 Many species are experiencing range shifts, largely due to human-mediated factors such as 38 climate change (see Parmesan and Yohe 2003 for review, Peterson 2003, Malcolm et al. 2006, 39 but see Petitpierre et al. 2012) as well as intentional and unintentional species movements 40 resulting in biological invasions (Broennimann et al. 2007; Hui and Richardson 2017). Range 41 shifts resulting from climate change normally manifest with species tracking their climatic 42 niches along latitudinal or altitudinal gradients (Parmesan et al. 1999; Chevin et al. 2010; Kerr 43 et al. 2015). In contrast, invasive species expand their ranges after successful human-mediated 44 introduction and establishment in novel environments, often lacking the abiotic and biotic 45 contraints to range expansion that they experienced in their native ranges (Colautti et al. 2004; 46 Shwartz et al. 2009; Parker et al. 2018). Species invasions therefore represent excellent models 47 for assessing the mechanisms underpinning rapid range expansion within contemporary 48 timescales (Arim et al. 2006) especially under novel environmental conditions. 49 Increased dispersal rates have been detected for some invasive species (Veit and Lewis 50 1996; Urban et al. 2008; Hui and Richardson 2017) and dispersal-linked traits are often 51 favoured within such rapidly exapanding populations (Thomas et al. 2001). Explanations for 52 increased spread rates include frequent long distance dispersal (Clark 1998), density dependant 53 dispersal (Kot et al. 1996), temporal dispersal variability (Ellner and Schreiber 2012), and 54 spatial sorting (Shine et al. 2011). Spatial sorting is the process whereby effective dispersal 55 phenotypes accumulate at the leading edge of the invasion, which then results in assortative 56 mating and subsequent enhancement of traits linked to dispersal. Simultaneously low intra-57 specific competition is expected at the leading edge due to low population densities, resulting 58 in relatively higher individual fitness when compared to individuals from the range core 59 (Brown et al. 2013). Spatial sorting plus elevated fitness at the leading edge have been 60 proposed to work in synergy, termed spatial selection, which can actively select for enhanced 61 dispersal at the leading edge of an invasion or range expansion (Phillips et al. 2008).
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comparisons between South African and Australian patterns by determining a ceiling value 191 based on both the connection networks that allowed for all locations to be connected at least 192 once to the network. We identified important MEMs based on the inflection point of all the 193 MEMs explanatory power. Using R 2 , the determination coefficient of the MSPA, we quantified 194 the association between our independent variables and the MEMs, by strength. We assessed the 195 signals of spatial structure, for morphological and environmental variables, for each region 196 separately, and separately for adult males, adult females, and unsexed juveniles. We conducted 197 a redundancy analysis (RDA) to explain morphology adjusted by environmental variables at all 198 spatial scales. This allowed us to combine both the environmental variables and the spatial 199 predictors to explain the morphological variation detected. 200 To determine the statistical significance of the correlation between environmental and 201 morphometric traits we created Generalized Additive Mixed Models (GAMMs) for each 202 continent and morphological trait using the environmental factors as explanatory variables. We variation (between 57.99% and 94.24%) in environmental traits. However, human impact, 267 altitude and minimum temperature were explained to a lesser degree by the MEMs ranging 268 between 24.69% and 56.09%. MEM1 in particular was strongly related to distance from the 269 introduction site, explaining between 88.36% and 92.16% of the variation across all iterations 270 When morphological and environmental data were combined via redundancy analysis 271 for all the Australian data ( Fig. 4A , Table S8 ) MEMs were identified at the broadest scale.
272
MEM1 was orthogonal to the other MEM 273 s and was related to bill traits but also dispersal traits and strongly related to distance 274 from the introductory site in the entire dataset ( Fig. 3A ) and in females ( Fig 3B) . Males 275 dispersal traits and not bill traits were stongly linked to MEM1 ( Fig 3C) however juveniles 276 showed a poor relationship between MEM1 and dispersal linke traits (Fig. 3D) 
277
The GAMM models revealed that sex was significantly linked to wing length, wing 278 load, bill length, bill depth, bill ratio, head length, head ratio and tarsus ratio and explained 279 between 6.70% and 29.43% of the variation (Table 2) in the entire Australian dataset. Wing 280 length and load were significantly associated with distance from the introduction site in all 281 three groups, furthermore the three groups showed links between wing load and winter 282 precipitation. In wing length further links were found for juveniles and females to winter 283 precipitation and altitude in females alone.
284
Tarsus length was significantly linked to distance from the introduction site for males 285 and juveniles. Tarsus ratio was linked to maximum temperature in all groups, males were 286 further linked to winter precipitation, females were linked to winter precipitation and NDVI.
287
Juvenile's tarsus ratio was linked to summer precipitation and NDVI. Head ratio in juveniles 288 was linked with maximum temperature, winter precipitationm, summer precipitation and 289 human impact. In female's head ratio was linked to maximum temperature human impact 290 whilst in males it was linked to precipitation, head length merely displayed differentiation 291 between the sexes. Mass was linked to winter precipitation in females. Bill length was associated with maximum temperature, distance, human impact and altitude in males. Juveniles 293 bill length was linked to human impact and maximum temperature. Bill depth was linked to 294 distance from introduction site in all groups and further to altitude in females. Bill width was 295 linked to NDVI in all groups and to altidude in males and juveniles. Bill ratio was linked to 296 altitude and distance from introduction site for males whilst females were linked to altitude and 297 juveniles to distance from introduction site ( Table 2) . Theory predicts that species experiencing spatial sorting should display enhanced dispersability 302 and its associated traits as distance from the original distribution or, for invasive species, initial 303 introduction site, increases (Shine et al. 2011) . In Australia, starlings presented strong proof of 304 spatial sorting with both wing length and wing loading being strongly linked to distance from 305 the original site of introduction (see Table 2 , and Fig. 3 ). In contrast, starlings in South Africa 306 did not show signs of spatial sorting of dispersal traits, but instead for traits associated with 307 intraspecific competition such as bill length, width and ratio (see Table 2 All 1 0,011 0,005 0,000 0,026 0,007 0,094 0,003 0,102 0,053 0,150 28 0,042 0,040 0,001 0,002 0,000 0,000 0,004 0,002 0,004 0,001 71 0,045 0,043 0,000 0,002 0,001 0,002 0,004 0,001 0,009 0,004 92 0,065 0,054 0,000 0,004 0,011 0,002 0,003 0,000 0,001 0,000 29 0,046 0,040 0,005 0,006 0,002 0,004 0,009 0,009 0,010 0,002
Total 0,209 0,182 0,006 0,039 0,021 0,101 0,023 0,114 0,077 0,157
Females 1 0,068 0,059 0,000 0,090 0,018 0,205 0,091 0,225 0,006 0,027 3 0,034 0,001 0,001 0,118 0,012 0,100 0,113 0,171 0,051 0,102 4 0,015 0,038 0,035 0,036 0,001 0,144 0,004 0,131 0,022 0,001 7 0,061 0,078 0,064 0,000 0,002 0,034 0,141 0,011 0,003 0,003 8 0,077 0,115 0,022 0,006 0,008 0,011 0,004 0,000 0,018 0,001 23 0,023 0,043 0,007 0,001 0,179 0,000 0,007 0,000 0,018 0,007 28 0,041 0,004 0,051 0,060 0,087 0,001 0,016 0,013 0,076 0,095 29 0,141 0,043 0,017 0,021 0,004 0,035 0,005 0,007 0,047 0,073 31 0,036 0,143 0,006 0,019 0,029 0,014 0,047 0,012 0,050 0,063 Total 0,496 0,525 0,202 0,352 0,340 0,544 0,428 0,571 0,292 0,372
Males 2 0,001 0,000 0,002 0,177 0,010 0,004 0,002 0,070 0,002 0,000 20 0,065 0,025 0,095 0,047 0,039 0,046 0,000 0,080 0,002 0,016 21 0,073 0,039 0,025 0,009 0,003 0,001 0,010 0,001 0,072 0,059 23 0,141 0,242 0,002 0,002 0,036 0,019 0,002 0,018 0,009 0,072 60 0,088 0,112 0,024 0,002 0,014 0,018 0,014 0,011 0,005 0,014 Total 0,368 0,418 0,148 0,237 0,102 0,087 0,029 0,180 0,089 0,161 All 1 0,245 0,101 0,008 0,246 0,171 0,564 0,098 0,536 0,441 0,690 3 0,093 0,074 0,259 0,057 0,024 0,005 0,021 0,017 0,019 0,001 5 0,000 0,014 0,130 0,042 0,073 0,002 0,073 0,004 0,102 0,014 6 0,024 0,013 0,214 0,074 0,040 0,049 0,173 0,084 0,003 0,060 7 0,039 0,060 0,009 0,082 0,055 0,021 0,146 0,042 0,046 0,001 Total 0,402 0,262 0,620 0,502 0,363 0,641 0,511 0,683 0,610 0,766
Juveniles
Females 1 0,220 0,149 0,000 0,157 0,057 0,391 0,324 0,396 0,039 0,080 2 0,051 0,005 0,360 0,010 0,014 0,021 0,071 0,025 0,064 0,177 3 0,168 0,012 0,052 0,131 0,174 0,163 0,161 0,235 0,419 0,351 4 0,071 0,117 0,078 0,085 0,062 0,194 0,044 0,191 0,043 0,000 7 0,039 0,060 0,009 0,082 0,055 0,021 0,146 0,042 0,046 0,001 Total 0,549 0,343 0,499 0,465 0,362 0,789 0,747 0,890 0,611 0,609
Males 1 0,067 0,089 0,147 0,149 0,271 0,164 0,031 0,271 0,078 0,141 2 0,006 0,000 0,003 0,498 0,051 0,086 0,022 0,343 0,029 0,014 5 0,098 0,008 0,163 0,060 0,000 0,037 0,205 0,001 0,072 0,093 6 0,138 0,280 0,137 0,005 0,035 0,080 0,003 0,016 0,077 0,115 Total 0,309 0,377 0,450 0,712 0,358 0,367 0,261 0,630 0,256 0,363
Juveniles 1 0,088 0,107 0,056 0,085 0,170 0,508 0,041 0,433 0,273 0,399 2 0,022 0,016 0,406 0,333 0,087 0,034 0,338 0,163 0,134 0,115 7 0,003 0,018 0,075 0,019 0,387 0,001 0,062 0,009 0,019 0,041 3 0,188 0,211 0,040 0,005 0,013 0,001 0,036 0,001 0,112 0,099
Total 0,301 0,351 0,576 0,442 0,656 0,544 0,477 0,607 0,538 0,654
Highlighted cells represent cases where greater than 10% of the variation in a trait is explained by a MEM 1 0,001 0,013 0,043 0,223 0,175 0,011 0,009 0,117 0,003 0,000 5 0,028 0,009 0,002 0,014 0,002 0,000 0,003 0,006 0,039 0,068 7 0,053 0,073 0,003 0,006 0,000 0,007 0,010 0,011 0,056 0,077 Total 0,082 0,096 0,049 0,242 0,177 0,019 0,022 0,133 0,097 0,145
Highlighted cells represent cases where greater than 10% of the variation in a trait is explained by a MEM Figure S1: Results of environmental and morphometric analysis using MSPA
